Background: Serum C-reactive protein (CRP) is a marker of acute inflammatory response and has been associated with health outcomes in some studies. Inflammation and immune response may have potential prognostic implications for breast cancer survivors.
Introduction
An estimated 2.9 million women in the United States live with a history of breast cancer and these women are susceptible to various comorbidities, including disease recurrence or new primary cancer (1, 2) . Evidence from both laboratory and epidemiologic data suggest chronic inflammation facilitates tumor growth and metastasis through the modification of tumor cell biology, activation of stromal cells in the tumor microenvironment, cancer cell invasion by the conditioning of vasculature to enhance the extravasation, engraftment and growth of micrometastases, or reactivate dormant tumors at distant sites (3) (4) (5) (6) . Cancer survivors with persistent inflammation may have an elevated risk of recurrence or new primary as a result of the effects of inflammatory processes or the presence of cancer cells that induce inflammation (7) .
Thus, understanding the association between postdiagnosis inflammation and prognosis is a high research priority.
A number of studies have examined inflammatory markers as predictors of disease recurrence and death in cancer populations (7) (8) (9) (10) (11) (12) . Although several biomarkers of inflammation have been examined, including white blood cells, fibrinogen, interleukin-6, TNF-a, serum amyloid A, and C-reactive protein (CRP); the most consistent association with prognosis has been with CRP (2, (12) (13) (14) (15) . CRP is a nonspecific, acute-phase protein produced by the liver in response to inflammation, infection, and tissue damage (6) . As one of the most sensitive acutephase reactants, circulating concentrations of CRP increases rapidly in response to numerous pathologic and disease conditions (16) . Although the acute-phase response is not diagnostic for any particular disease, elevated concentrations of CRP, conventionally defined as circulating concentrations of CRP !3 mg/L, have proved useful in the clinical setting to monitor infections and postoperative complications, to assess the effectiveness of treatments on the course of a disease, and to estimate risk of future cardiovascular events (17) . With improved measurement techniques, specifically highsensitivity assays, researchers can detect minute concentrations of circulating CRP (minimum detectable limit 0.02 mg/mL). Advancements in measurement of CRP, combined with knowledge of the role that inflammation plays in cancer development and progression have led to a growing interest in determining the clinical utility of CRP for predicting recurrence risk, for monitoring risk reduction, and for guiding preventive approaches in women previously diagnosed with breast cancer.
Longitudinal studies in women diagnosed with breast cancer have reported conflicting results in relation to inflammation and prognosis, with some studies showing an association between elevated CRP and poor prognosis (18) (19) (20) (21) (22) and others showing no relationship (23) (24) (25) . In 2011, a meta-analysis was conducted using 10 studies (n ¼ 4,502) in women diagnosed with breast cancer. Han (26) . It is plausible that the variation in the CRP-survival relationship seen in previous reports could be partially attributed to different cut points. Thus, it is unclear whether clinically relatable cut points for CRP values are associated with breast cancer prognosis among women diagnosed with breast cancer, specifically categories used for cardiovascular risk prediction: low risk (<1.0 mg/L), moderate risk (1.0-3.0 mg/L), high risk (>3-10 mg/L), and values indicating acute infection (!10 mg/L; ref. 17) .
Here, we report on the prevalence of inflammatory status, using posttreatment serum concentrations of CRP measured on average 24 months postdiagnosis, and the association with all-cause and breast cancer-specific mortality and additional breast cancer events in a cohort of 2,919 women following a diagnosis of invasive breast cancer (stage I-IIIA, American Joint Committee on Cancer IV classification). We also examine the influence of individual and breast cancer clinical characteristics on inflammatory status.
Materials and Methods

Design overview, participants, and methods
The Women's Healthy Eating and Living (WHEL) study was a randomized controlled trial aimed at examining the effects of a high-vegetable, low-fat diet in reducing additional breast cancer events and early death in women diagnosed with breast cancer. Study details and the intervention have been described (27) . In brief, between 1995 and 2000, 3,088 women were enrolled and followed through 2006. Participants were enrolled an average of 2 years postdiagnosis, were diagnosed with stage I to III invasive breast cancer, and had completed active treatment. Participants were 27 to 74 years of age and had no evidence of disease within 12 months of study enrollment. The study was performed with the approval of the Institutional Review Boards of the University of California, San Diego and 6 other participating centers. All participants provided informed written consent.
At baseline, the mean age of participants was 53 years, 85.5% were non-Hispanic white, 84.9% had had stage I or II breast cancer, 56.5% had well or moderately differentiated tumors, 77.8% had estrogen receptor-positive (ER þ ) and/or progesterone receptor-positive (PR þ ) tumors, 61.6% had received radiation therapy, 69.3% had received adjuvant chemotherapy, and 61.5% reported taking antiestrogen medication at study entry. Women included in this study were followed semiannually and had a median follow-up of 7.4 years from the time of study enrollment.
There was no intervention effect on additional breast cancer events or mortality during the 7.4-year follow-up period (28) . Accordingly, we treated the WHEL study as a cohort study.
Serum CRP assay
Using stored fasting serum specimens drawn a mean 23.6 months postdiagnosis (median: 21.7 months; range: 2-48 months), we measured serum concentrations of CRP using a high-sensitivity electrochemiluminescence assay (MesoScale Discovery) at the Laboratory for Clinical Biochemistry Research, University of Vermont. The lower detection limit for this assay platform was 0.02 mg/L. For each assay, we included blinded duplicates for quality control assessment. The interassay coefficients of variation were between 7% and 12%.
Outcomes and follow-up
Women were followed for vital status from study entry until end of study, June 1, 2006. Information on outcomes, including all-cause and breast cancer-specific mortality and additional breast cancer events [defined as recurrence (85%) or new primary breast cancer (15%)], were obtained by self-report every 6 months throughout the study and confirmed by an oncologist using medical records and death certificates. Causes of death were coded using International Classification of Diseases, 9th Revision (ICD-9) codes. Approximately 4% of study participants were lost to follow-up and these were censored at date of last contact.
Anthropometrics
At the baseline clinical visit, each participant had height, weight, waist, and hip measurements conducted by trained staff using standardized measurement protocols (27) . Body mass index (BMI, kg/m 2 ) was calculated from weight and height, measured to the nearest 0.1 kg and 0.1 cm, respectively, with a balance beam scale and stadiometer.
Other variables
Standardized questionnaire information was collected at baseline on medical history, demographic characteristics, and lifestyle factors. At enrollment, women were considered postmenopausal if they were amenorrheic for at least 12 months and premenopausal if they reported at least one menstrual cycle during the last 3 months. Women were classified as users of anti-estrogen medication (99.7% of which was selective ER modulators), if they reported current use at the baseline clinic visit. History of inflammatory-related conditions [e.g., cardiovascular disease (CVD), arthritis, and diabetes] was self-reported at baseline. Recreational physical activity at time of study entry was computed using a self-report validated scale designed for the Women's Health Initiative (29) . Selfreport of current and former smoking status was recorded and alcohol and dietary intake data were obtained via repeated 24-hour dietary recalls (described elsewhere in more detail; ref. 30 ). We converted physical activity into metabolic equivalent task hours/week (31), tobacco use was converted to pack-years and the multiple dietary recalls were used to characterize participant alcohol consumption (g/day), fruit and vegetable intake (servings/ day), dietary fiber intake (g/day), and percentage energy from fat.
Exclusions
Among the 3,088 eligible women enrolled at baseline, serum samples were available for 3,023 participants. We excluded those with outcome events within 9 months of the baseline blood draw (n ¼ 85) as well as those for whom CRP was not measured successfully (n ¼ 19), resulting in a final sample size of 2,919 participants.
Statistical analysis
Our analytic goals were to describe the distribution of serum CRP in this cohort of breast cancer survivors and characterize the association of inflammatory status with all-cause mortality, breast cancer mortality, or additional breast cancer events. We modeled inflammatory status using two methods: the first classified serum CRP concentrations into four categories of inflammatory status based on CVD prediction cut points: no inflammation (<1 mg/L), low inflammation (1-3 mg/L), moderate inflammation (>3 to <10 mg/L), and acute inflammation (!10 mg/L; ref. 17); the second treated CRP as a log-transformed continuous variable to reduce skewness of the distribution. For categorical analyses, the reference group was women with no inflammation. Trend tests, which used a single ordinal indicator variable based on inflammatory status (coded 1 for no inflammation to 4 for acute inflammation), were used to assess dosage.
We employed delayed-entry Cox proportional hazards models (with entry time at baseline blood draw) to estimate the age-adjusted and multivariable-adjusted HRs and 95% CIs for death due to any cause, breast cancerspecific death, and disease recurrence by inflammatory status (32) . Time since diagnosis (years) was used as the time metric for all regression analysis. Variables were retained in the final model (model 1) if they were associated with elevated CRP status (>3 mg/L), were associated with overall mortality in women with no inflammation (CRP < 1 mg/L), and had altered the risk estimate of the model containing inflammatory status plus age by at least 10%. We further adjusted for factors that improved model fit (model 2), and/or allowed comparison to the published literature (model 3; refs. 16, 18, 19, 33) . The three models were adjusted for age at diagnosis, time since diagnosis, race-ethnicity, and tumor stage and grade (model 1); model 1 covariates and BMI (model 2); model 2 covariates plus anti-estrogen medication use and ER/PR status (model 3). Additional variables considered for adjustment included intervention arm (intervention/control), menopausal status (pre-and perimenopausal/postmenopausal), treatment used (chemotherapy, radiation, or both), physical activity (MET-h/wk), and tobacco use (packyear); however, adjusting for these covariates did not materially change the risk estimates for CRP (data not shown). We tested and confirmed nonviolation of the proportionality assumption based on a graphical approach (log(-log) plots; ref. 32 ) and the goodness-of-fit test using Schoenfeld residuals (34) . Given the high proportion of deaths due to breast cancer in this cohort, we also considered whether the association between inflammation and breast cancer-specific death (79.7% of the deaths) varied according to subgroups defined by age (>55 years), postmenopausal status (yes/no), BMI (!25 kg/m 2 ), tumor stage (!stage II), tumor hormone receptor status (ER þ ), and inflammatory-related illness, including CVD (yes/no), arthritis (yes/no), and diabetes (yes/no). Effect modification by these factors was tested by adding a product term for inflammatory status and each of the aforementioned covariates. Statistical tests were performed using Stata (version 11.1; StataCorp LP) and SAS (version 9.3) software. All tests were two-sided and statistical significance was set at P < 0.05.
Results
In this cohort of 2,919 women with a history of breast cancer, the distribution of serum concentrations of CRP was markedly skewed with 91.3% of survivors having concentrations less than 10 mg/L. The geometric mean for serum CRP was 1.71 mg/L (interquartile range, 0.67-4.24) and median was 3.83 AE 6.7 mg/L. Here, we summarize statistically significant participant and tumor characteristics associated with this biomarker of inflammation.
Serum CRP increased with age, BMI, and postmenopausal status and the distributions of CRP concentrations varied across racial-ethnic groups (Table 1) . Asian women had the lowest average CRP concentration (0.91 mg/L), non-Hispanic black women had higher concentrations (3.38 mg/L), and non-Hispanic white and Hispanic women were within those bounds (1.67 and 2.13, respectively). Less healthful behaviors were associated with increased CRP, such as tobacco use, lack of physical activity, alcohol consumption, and poor dietary habits (e.g., <5 servings/ day of fruits and vegetables, <20 g/day of dietary fiber intake, and !30% energy intake from fat). Women with more aggressive tumor characteristics, specifically tumor stage, and estrogen and PR negative tumors (ER -/PR -vs. ER þ /PR þ ) had higher CRP values (Table 2) . Women using Table 2 ).
A total of 236 women died, including 188 deaths due to breast cancer, and 417 women experienced an additional breast cancer event (recurrence [85%] or new breast cancer primary [15%]) during a median followup period of 7.4 years. Higher versus lower concentrations of CRP were associated with increased risk for allcause mortality, breast cancer-specific mortality, and additional breast cancer events (Ptrend < 0.05 in all models; lnCRP, P < 0.05 in all models; Table 3 ). The 5-year unadjusted overall survival rates in women with acute, moderate, low, and no inflammation were 96.1%, 98.4%, 98.4%, and 97.8%, respectively (log rank P < 0.001, data not shown). The comparable 10-year figures were 85.8%, 89.8%, 92.6%, and 93.0%, respectively (log rank P ¼ 0.002, data not shown).
A one-unit increase in lnCRP, which corresponds to an approximately 2.7-fold increase in CRP level, was associated with a 21% increased risk of all-cause mortality (model 1) and an 18% increased risk of breast cancerspecific mortality (model 1). For example, a lnCRP increase from 0 to 1 translates to a serum CRP concentration increase from 1 to 2.7 mg/L and an associated HR for all-cause mortality of 1.21 and HR for breast cancerspecific mortality of 1.18 (Table 3) ; a lnCRP value of 2, equates to a serum CRP concentration of 7.4 mg/L with respective HRs of 1.46 and 1.39; and a lnCRP value of 3, is a serum CRP concentration >20 mg/L with HRs of 1.77 and 1.64, respectively, compared with CRP level of 1 mg/L. When CRP was modeled using four categories of inflammatory status, we saw a threshold effect. Compared with women with no inflammation (<1 mg/L), those with values in the acute range (!10 mg/L) had an approximate 2-fold increased risk of mortality due to breast cancer and/or any cause. Women with moderate inflammation (>3 to <10 mg/L) had an increased risk of mortality due to any cause or breast cancer that ranged between 33% and 41%, although these associations were not statistically significant. Women with no inflammation and low inflammation (1-3 mg/L) had comparable risks for all-cause and breast cancer-specific mortality. Adjusting for BMI (model 2) plus anti-estrogen use and tumor hormone receptor status (model 3) did not meaningfully alter the CRPsurvival relationship (Table 3) .
Women with acute inflammation (vs. no inflammation) had a 67% increase risk of an additional breast cancer- Table 3 . Risk of all-cause mortality, breast cancer-specific mortality, and additional breast cancer event by inflammatory status using serum CRP concentrations in breast cancer survivors in the WHEL study related event, whereas women with low to moderate inflammation (vs. no inflammation) had comparable HRs for an additional breast cancer-related event. Acute inflammatory status remained an independent predictor following adjustment for BMI (model 2) plus anti-estrogen use and tumor hormone status (model 3). In a sensitivity analysis, we limited the outcomes to breast cancer recurrences, and the findings were not meaningfully changed (data not shown).
We also examined the association between very high CRP (!10 mg/L) and breast cancer-specific mortality by select subgroups. The adverse association between very high CRP and death due to breast cancer was stronger in certain subgroups (Table 4) . These subgroups included older women (!55 years of age), postmenopausal women, those with excessive adiposity (BMI ! 25 kg/m 2 ), and women whose tumors were ER þ . However, interaction terms for CRP with these factors were not statistically significant. Further, separate models examined the CRP-survival relationship stratified by (i) intervention arm and (ii) time interval from diagnosis to blood draw; the hazard estimates for CRP did not vary by intervention arm or time interval value (data not shown).
Discussion
This analysis assessed the distribution and the prognostic value of serum CRP with all-cause and breast cancer-specific mortality and additional breast cancerrelated events among a cohort of women following a diagnosis of breast cancer. In this cohort, we observed a prevalence (34.4%) of elevated CRP (>3 mg/L) that is similar to that of the general population (ranging 25-43%; ref. 35) . This concurrence suggests that circulating concentrations of CRP return to relatively normal ranges following cancer diagnosis and treatment. Compared with women with the lowest concentrations of CRP (<1 mg/L), those with values of CRP !10 mg/L had an approximate 2-fold increased risk of all-cause and breast cancer-specific mortality, and a 67% increased risk of an additional breast cancer-related events in models (19) . Conversely, results from smaller studies (23) (24) (25) suggest no association between CRP and prognosis. The differences in HRs and statistical significance may be due to confounding, timing of blood draw with respect to disease treatment, or may suggest that these studies were inadequately powered to evaluate the association in the presence of potential confounding.
The role of CRP as a biological indicator of prognosis versus as a contributor to carcinogenesis is unclear. CRP has some immune-related functions, including activation of classical complement binding and opsonization (for phagocytosis; ref. 37) . In a recent study of genetic variants in the CRP gene, certain variants were associated with altered plasma CRP concentrations, but not cancer risk (2) . In this context, our finding that very high concentrations of circulating CRP (>10 mg/L) was associated with increased risk of mortality due to breast cancer and additional breast cancer events suggest that CRP may be a biological indicator of carcinogenesis, rather than a direct contributor.
Strengths of this analysis include the cohort study design, almost complete outcomes follow-up conducted with medical and death records, a reasonably large sample size, and relatively long follow-up time. Furthermore, the sample size of this cohort was sufficient to assess the effect of acute inflammation (>10 mg/L) and outcomes in breast cancer survivors, in contrast with the other papers cited in which "moderate" and "acute" inflammation (as defined here) were combined. The inclusion of the acute inflammation category leads to the suggestion of a possible threshold effect. Thus, acute inflammation status (CRP ! 10 mg/L) may be an important independent biomarker for long-term survival in breast cancer survivors. A limitation of our study was that our samples were obtained at one time point following completion of active treatment (on average 2 years following diagnosis); consequently, no conclusions can be drawn as to whether elevated CRP persisted over the long term. Future studies using blood samples from multiple time points before and after cancer diagnosis may provide important information clarifying the temporal relationship of biomarkers with cancer survival. Finally, our results are only generalizable to women who have completed treatment and survived at least 2 years after diagnosis of breast cancer.
In summary, our results indicate that the risk of mortality and disease recurrence among women diagnosed with breast cancer is associated with acute inflammation (>10 mg/L) and possibly moderate inflammation (CRP > 3 mg/L). Combined with previous research, this study appears to confirm the association of circulating CRP levels with increased risk of poor breast cancer outcomes. It is particularly notable that there was an average of 7 years from the baseline CRP assessment and recurrence or mortality, which indicates that CRP is not a transient measure of acute inflammation in this cohort but offers long-term prognostic information. Arguably, the most important next step is to determine whether this association is causal. If CRP plays a causal role in breast cancer outcomes, then future research should be focused on understanding how lifestyle interventions, such as diet and physical activity, can reduce the circulating concentrations of this risk factor. Alternatively, if CRP is simply a prognostic marker, then further research is needed to understand whether it is responsive (i.e., has utility) to drug and lifestyle interventions designed to decrease risk of recurrence.
